New rare earth metal-rich indium compounds RE 3 T 2−x In x (RE = Gd, Tb, Dy, Ho, Er, Tm; T = Rh, Pd, Ir) were synthesized from the elements via high-frequency melting and subsequent annealing in sealed silica ampoules. These intermetallics crystallize with substitution variants of the tetragonal Y 3 Rh 2 -type structure, space group I4/mcm, Z = 28. All samples were studied by powder and single crystal X-ray diffraction: a = 1164.2(2), c = 2486.5 (5) 
Introduction
During our recent phase analytical investigations of the rare earth metal-rich parts of the rare earth metal (RE)-rhodium-indium systems we characterized the series of RE 4 RhIn (Gd 4 RhIn-type, space group F43m) [1] and RE 14 Rh 3 In 3 (Lu 14 Co 3 In 3 -type, space group P4 2 /nmc) [2] indides. In both structure types, the rhodium atoms have trigonal prismatic rare earth coordination. These RhRE 6 prisms are condensed via common edges and corners, leading to three-, respectively two-dimensional networks. Such trigonal prismatic units also occur in the RE 2 Rh 2 In indides (Mo 2 Fe 2 B-type, space group P4/mbm) [3, 4] . The trigonal prisms in these indides are condensed via a common rectangular face, leading to an AlB 2 related slab with Rh-Rh bonds.
In the rhodium-based systems, the RE 4 RhIn, RE 14 Rh 3 In 3 , and RE 2 Rh 2 In indides are pure ternary compounds. There are no binary rare earth-rhodium 0932-0776 / 07 / 1100-1397 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com compounds with related structures which would allow a substitution by indium. This is different for the palladium series. The RE 2 Pd 2 In indides [5] are derived from the binary compounds RE 3 Pd 2 [6] by an ordered substitution at the 2a rare earth position by indium. Herein we report on a different substitution pattern. The binary compounds RE 3 Rh 2 [7] and RE 3 Ir 2 [8] (all Y 3 Rh 2 -type, space group I4/mcm) have six crystallographically independent transition metal sites with trigonal prismatic, square prismatic, and square antiprismatic rare earth coordination. The square prismatic and one of the square antiprismatic sites show significant rhodium (iridium)/indium substitution, leading to ternary indides RE 3 Ir 2−x In x . Although the RE 3 Pd 2 compounds crystallize with another structure type, the Y 3 Rh 2 -type has also been observed for some indides RE 3 Pd 2−x In x . The preparation and structure refinements of Gd 3 
Experimental Section

Synthesis
Starting materials for the preparation of the RE 3 Rh 2−x In x , RE 3 Pd 2−x In x and RE 3 Ir 2−x In x samples were ingots of the rare earth metals (smart elements, Johnson Matthey), rhodium, palladium, and iridium powder or granules (Heraeus or Degussa-Hüls), and indium tear drops (Chempur), all with stated purities better than 99.9 %. Pieces of the respective rare earth and transition metal and pieces of the indium tear drops were mixed in the atomic ratios listed in Table 1 and arc-melted [9] three times under argon pressure of ca. 600 mbar. The argon was purified over molecular sieves, silica gel and titanium sponge (900 K). Alternatively the elements can be inductively melted in small glassy carbon crucibles (Sigradur ® G) in a high-frequency furnace (Hüttinger Elektronik, Freiburg, Typ TIG 1.5/300) [10] . Light-gray polycrystalline samples were obtained which are stable in air over months.
Single crystals of the compounds RE 3 Rh 2−x In x (RE = Gd-Dy, Tm), Gd 3 Pd 1. 27 In 0.71 , and Ho 3 Pd 1. 27 In 0.71 were grown via a special heat treatment. First, the inductionmelted samples were powdered and cold-pressed into pellets of 6 mm diameter. Next, the samples were placed in small tantalum containers that were sealed in evacuated silica tubes as an oxidation protection. The ampoules were first heated within 6 h to a maximum value of 1295 -1355 K and kept at that temperature for another 6 h. Subsequently, the temperature was lowered at a rate of 5 K h −1 to 970 K in all cases, then at a rate of 15 K h −1 to 670 K, and finally the samples were cooled to r. t. by switching off the furnace. After cooling, the samples could easily be separated from the tantalum containers. No reaction of the samples with tantalum was detected. Single crystals of irregular shape were selected. The single crystals investigated on the diffractometer and the bulk samples were analyzed semiquantitatively by EDX in a LEICA 420 I scanning electron microscope using the lanthanoid trifluorides, rhodium, palladium, iridium, and InAs as standards. The EDX analyses revealed no impurity elements, and the results were in agreement with the compositions refined from the single crystal data.
X-Ray powder and single crystal data
The RE 3 Rh 2−x In x , RE 3 Pd 2−x In x and RE 3 Ir 2−x In x samples were studied by X-ray powder diffraction (Guinier technique) using CuK α 1 radiation and α-quartz (a = 491.30, c = 540.46 pm) as an internal standard. The Guinier camera was equipped with an imaging plate system (Fujifilm BAS-1800). The tetragonal lattice parameters (Table 1) were obtained from least-squares refinements of the Guinier data. To ensure correct indexing, the experimental patterns were compared to calculated ones [11] using the atomic positions obtained from the structure refinements.
Irregularly shaped single crystals were selected from the samples after the crystal growth procedure or directly from the melted ones (see above) and first examined by Laue photographs on a Buerger precession camera (equipped with an imaging plate system Fujifilm BAS-1800) in order to establish the crystal quality. Single crystal intensity data were collected at r. t. on a Stoe IPDS-II diffractometer with graphite monochromatized MoK α radiation (71.073 pm) in oscillation mode. Numerical absorption corrections were applied to the data sets. All relevant crystallographic data and details for the data collections and evaluations are listed in Tables 2  and 3 .
The nine data sets revealed the systematic extinctions expected for a body-centered tetragonal lattice and were in agreement with the centrosymmetric space group I4/mcm. The starting atomic parameters were deduced from automatic interpretations of Direct Methods with SHELXS-97 [12] , and the structures were refined using SHELXL-97 (full-matrix [7] . All atomic parameters were then transformed to the setting originally used for the yttrium compound.
The final task of the refinements was the correct site assignment for the transition metal and indium atoms. Considering the large size of indium, occupancy of the trigonal prismatic site is unlikely. Indeed, except for Er 3 Rh 1.48 In 0.52 , all T 1 sites show only small defects. Since indium has a stronger scattering power than palladium and rhodium, these defects are unambiguous for the rhodium-and palladium-based compounds. For the iridium compounds, a mixed Ir/In occupancy was also possible, however, in view of the short distances to the rare earth atoms, and of the analogy to the rhodium and palladium compounds, the refinements with Ir1 defects are the correct ones.
From the other five crystallographically independent transition metal sites with higher coordination number, indium occupancy has only been observed on the 16l and 4c sites (Rh2 and Rh5) of the Y [7] and Gd 3 Rh 1.30 In 0.64 . The index for the translationengleiche symmetry reduction (t) and the evolution of the atomic parameters are also shown.
Refinement of the occupancy parameters revealed a 50 % Rh/50 % In occupancy for the 4c site. This allows an ordering in a lower symmetry space group. Consequently we have refined both structures in the translationengleiche subgroup of index 2 (t2) I4/m [15] . While switching from high to low Laue symmetry, we observed twinning via the matrix (0 1 0, 1 0 0, 0 0 −1) and batch scale factors of ca. 0.5. The corresponding group-subgroup scheme in the Bärnighausen formalism [16 -18] and the evolution of the atomic parameters are presented in Fig. 1 .
All other sites were fully occupied within two standard uncertainties. Final difference Fourier syntheses revealed no significant residual peaks (see Tables 2 and 3 
Discussion
Nine new ternary indides RE 3 T 2−x In x with T = Rh, Pd, Ir with differently substituted variants of the tetragonal Y 3 Rh 2 -type structure [7] , space group I4/mcm, have been synthesized and structurally characterized on the basis of single crystal diffractometer data. This structural arrangement has so far only been observed for a series of gallides RE 3 (Ga x Ni 1−x ) 2 with RE = Dy, Ho, Er, Tm, Lu [19] . The structures of the gallides have been studied on the basis of powder X-ray diffraction, and nickel-gallium mixing has been reported at five sites for the Er 3 (Ga x Ni 1−x ) 2 structure with x = 0.35 -0.50.
The coordination polyhedra for this series of compounds are exemplarily shown for Tm 3 Rh 1. 25 In 0.71 in Fig. 2 . The structure contains five crystallographically independent thulium sites with coordination numbers ranging from 13 to 15. Only the Tm3 atoms have exclusively thulium and rhodium atoms in their coordination shell. All other thulium atoms have also indium neighbors. A peculiar situation occurs for the Tm5 coordination. Four In1 atoms in tetrahedral coordination at Tm5-In1 of 302 pm are the nearest neighbors. These Tm-In distances are even slightly shorter than the sum of the covalent radii of 306 pm [20] . We can thus consider a first and a second coordination sphere for the Tm5 atoms.
The Tm-Tm distances cover the large range from 337 to 416 pm. In contrast to hcp thulium (Tm-Tm distances: 6 × 354 and 6 × 366 pm) [21] , we observe even shorter Tm-Tm distances in this ternary compound, indicating strong Tm-Tm bonding. Similar short Tm-Tm contacts also occur in the thulium-rich compounds Tm 14 Rh 3 In 3 (340 pm) [2] and Tm 4 RhIn (341 pm) [1] . The Tm-Rh distances in Tm 3 Rh 1. 25 In 0.71 cover a broad range (271 to 302 pm). The shorter ones are even shorter than the sum of the covalent radii of 281 pm [20] , indicating strong covalent Tm-Rh bonding, similar to Tm 14 Rh 3 In 3 (270 -281 pm Tm-Rh) [2] and Tm 4 RhIn (278 pm Tm-Rh) [1] . In the indium-rich compound Tm 10 Rh 9 In 20 [22] , the Tm-Rh distances are slightly longer (290 -305 pm).
The smallest coordination number is observed for the Rh1 atoms. These atoms have a distorted trigonal prismatic thulium coordination with Rh1-Tm distances ranging from 271 to 302 pm. In general, prismatic sites are larger than antiprismatic ones. It is thus likely that the indium atoms will preferably substitute the rhodium atoms in the square prisms. This is the case for the In2 atoms. The In1 atoms have 10 nearest thulium neighbors, i. e. a higher coordination number. The rectangular face of this polyhedron built up by the Tm1 and Tm2 atoms corresponds to one of the rectangular faces of the Rh1 polyhedron (Fig. 2) . The In1 and Rh1 polyhedra are condensed via this common face.
No T /In substitution has been observed for the square antiprisms.
The linkage of the rhodium-based polyhedra is presented in Fig. 3 . At the left-hand side of this figure we have emphasized the stacking of the square prisms and antiprisms along the c axis. The space in between is filled by the Tm5In1 4 tetrahedra and the two-dimensional networks of condensed trigonal prisms and square antiprisms around Rh1 and Rh2, respectively. This network is emphasized at the righthand part of Fig. 3 . The condensation of the trigonal prisms and square antiprisms proceeds via common edges.
The nine crystals investigated differ in the occupancy of the T 1 site and the T /In occupancy in the square prismatic sites at the origin of the unit cells and at 0 0 1/2. In view of the short T 1-RE distances, the defects on the T 1 sites are not unusual. Many structures of ternary rare earth-transition metal-indides feature defects for transition metal atoms on trigonal prismatic sites and this has been discussed in more detail in [22] and [23] .
The different occupancy variants within the columns of condensed square prisms and antiprisms are shown in Fig. 4 . While all prisms are filled with rhodium in binary Y 3 Rh 2 [7] , the square prisms are filled with indium in Tm 3 Rh 1. 25 In 0.71 . This is also the case for the two palladium-based indides. In the structure of Er 3 Rh 1.48 In 0. 25 we observe a statistical occupancy by rhodium and indium on these sites. For Gd 3 Rh 1.30 In 0.64 and Dy 3 Rh 1.31 In 0.64 , refinement in space group I4/mcm revealed occupancy of the 4c site by 50 % Rh and 50 % In. These statistics could be resolved by an ordering of rhodium and indium in the lower symmetry space group I4/m as discussed above, leading to a new ordered version of the Y 3 Rh 2 -type. In this ordered version we observe discrete stuffed cubes for the Rh5 and In2 sites which are close to a CsCl related arrangement. These coordinations also occur for the binary equiatomic compounds GdRh [24, 25] and GdIn [26 -28] . The Gd-Rh (298 pm) and Gd-In (329 pm) distances in the binary compounds, however, are somewhat smaller and longer (both 313 pm in Gd 3 Rh 1.30 In 0.64 ) than in the ternary compound (Table 6). In the ordered structures of Gd 3 Rh 1.30 In 0.64 and Dy 3 Rh 1.31 In 0.64 we observe a small shift of the Rh3 atoms leading to Rh3-Rh4 distances of 298 pm between two stuffed antiprisms, only slightly longer than in fcc rhodium (269 pm) [21] . For comparison, the rhodium atoms in CsCl-type GdRh [24, 25] are well separated (344 pm). We can thus assume some weak Rh3-Rh4 bonding in the ternary compound.
Summing up, we were able to show that at two of the six crystallographically different rhodium sites in the Y 3 Rh 2 -type T /In substitution may occur, giving rise to homogeneity ranges for all of these ternary compounds. With a 50/50 occupancy of the square prisms a new ordering variant with lower symmetry is observed.
